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Due to the high viscosity of heavy crude oils, production from these reservoirs is a demanding task.
To tackle this problem, reducing oil viscosity is a promising approach. There are various methods to
reduce viscosity of heavy oil: heating, diluting, emulsiﬁcation, and core annular ﬂow. In this study,
dilution approach was employed, using industrial solvents and gas condensate. The viscosity of two
Iranian heavy crude oils was measured by mixing with solvents at different temperatures. Dilution
of both oil samples with toluene and heptane, resulted in viscosity reduction. However, their effect
became less signiﬁcant at higher concentrations of diluent. Because of forming hydrogen bonds,
adding methanol to heavy crude oil resulted in higher viscosity. By adding condensate, viscosity of
each sample reduced. Gas condensate had a greater impact on heavier oil; however, at higher
temperatures its effect was reduced. Diluting with naphtha decreased heavy oil viscosity in the
same way as n-heptane and toluene. Besides experimental investigation, different viscosity models
were evaluated for prediction of heavy oil/solvent viscosity. It was recognized that Lederer' model is
the best one.
Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
By growing depletion of conventional oil reservoirs potential,
heavy and extra-heavy reserves have gained attention [1]. Heavy
oil reservoirs contain more than 80% of current petroleum re-
sources, most of which are on developing stage [2,3]. By deﬁni-
tion, heavy oil is of API gravity lower than 20 and/or viscosity
higher than 100 cp [4]. Also, world heavy oil conference
considered heavy oil to be of API gravity lower than 22.3 [5].
Bitumen, oil-shale and tar sand are common instances of extra
heavy resources, which even after production, are of high vis-
cosity to be transported through production chain [6]. In thisaghani).
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bregard, viscosity is of vital importance, controlling production of
heavy oils. High content of impurities, typically CO2 and H2S, and
high molecular weight species, particularly asphaltene, lead to
high viscosity of heavy oils [7].
To date, various approaches have been employed to facilitate
oil transportation by viscosity reduction. Generally, they fall into
four categories: (1) Thermal remediation, (2) Emulsiﬁcation, (3)
Core annular ﬂow; and (4) Dilution [8]. Crude oil pre-heating is
the most attractive method, due to quite rapid reduction of oil
viscosity [9]. Despite its apparent efﬁciency, thermal treatment
possesses some drawbacks such as needing extra equipment at
well site and costly heating process, which poses economic
limitations especially at cold climates [10].
Making oil in water emulsion markedly diminishes oil vis-
cosity. However, restoration of original hydrocarbon by breaking
the emulsion is a subject of controversy [8]. In addition, choosing
the best surfactant for a given oil and aqueous phase depends on
their composition. Most importantly, surfactants are expensive
materials and economic considerations may pose limitation on
amount of surfactant [11]. Core annular ﬂow (CAF) is applied
particularly to improve oil ﬂow through pipes. In fact, thising by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
Table 1
Oil samples speciﬁcations.
Oil gravity (API) SARA analysis (wt.%)
Asphaltenes Resins Aromatics Saturates
16 14.3 4.77 34.3 46.63
20.5 3.75 0.49 52.09 43.67
A.H.S. Dehaghani, M.H. Badizad / Petroleum 2 (2016) 415e424416approach does not deal with oil viscosity; in turn it forms a
lubricating thin water layer on inner surface of pipe wall so as to
facilitate the oil ﬂow [8]. Despite its ostensible efﬁciency, it is
often difﬁcult to maintain an annular ﬂow through a pipeline,
because most often ﬂow regimewould be altered, forming liquid
slug and subsequently blending the segregated phases [12].
Forming an annular regime through pipe line necessitates high
velocity and high ﬂow rate. Additionally, maintaining the ﬂow
velocity all over a pipe line is practically impossible.
Dilutionwith solvent has drawn attention of most researchers
due to its convenient application [13]. Moreover, viscosity
reduction by combining a light solvent, for example toluene,
with heavy oil has other advantages including: maintaining
original characteristic of hydrocarbon in contrast to emulsiﬁca-
tion approach [12], it could be applied at different locations
irrespective to climate conditions while thermal method might
be inefﬁcient at cold weather [14], and last but not least, insur-
ance of ultimate performance in comparison with the core
annular ﬂow [15]. Applying crude oil dilution with solvent is
divided into two successive operations including enhanced oil
recovery by injecting solvent into a heavy oil reservoir to reduce
in-situ viscosity, namely, solvent-aided steam-assisted gravity
drainage (SA-SAGD) [16], and subsequently combing the pro-
duced oil with solvent to be transferred fromwell site to reﬁnery
unit through pipe lines.
Nourozieh et al. investigated viscosity of Athabasca bitumen/
n-hexane mixture at various temperatures and pressures. They
also examined performance of different mixing-rule models for
prediction of hydrocarbon mixture viscosity. They pointed out
that blending the bitumen with n-hexane dramatically reduces
resulting mixture viscosity, particularly at lower amounts of
solvent and then viscosity approaches asymptotically to a
plateau. In their investigation, increasing temperature was of
considerable inﬂuence on viscosity reduction especially at lower
solvent concentrations. By Comparing several predictive mixing-
rules, they concluded that power law and Cargoe's model can
accurately estimate viscosity of the Athabasca bitumen/n-hexane
mixture [17]. Bassane et al. determined viscosity of heavy oil/gas
condensate mixture at various temperatures. They used four
heavy oil samples of API gravity in range of 13.7e21.6. They
observed viscosity reduction up to 98% of the original heavy oil
viscosity by blending with gas condensate of 32 vol.%. Based on
experimental measurement, they deduced making mixture of
14 vol.% gas condensate is an optimum point such that adding
more amount of solvent would be not economical [18].
Luo et al. investigated viscosity reduction of a heavy oil
sample by diluting with propane at high pressures, up to 800 kPa
[14,19e21]. In this manner, they took steric colloidal theory of
asphaltene suspension in maltene [12], and made synthetized oil
samples with different asphaltene concentrations. Their experi-
mental analysis demonstrated sensitivity of oil viscosity on
propane concentration. Simply, large asphaltene macromole-
cules hinder dissolution of any lower molecule into the heavy oil.
As a result, slight dissolution of propane renders pronounced
reduction of heavy oil viscosity, particularly at lower asphaltene
content [19]. Hu analyzed contribution of different solvents (n-
heptane, toluene and butanol) and surfactants into reducing
viscosity of Frog Lake oil. To this purpose, he focused on molec-
ular interactions between polar moieties of the asphaltene par-
ticles and solvent molecules. In this respect, he diluted a heavy
oil sample by blending with a thinner containing a polar and a
non-polar solvent. They pointed out choosing the proper solvent
could inhibit asphaltene association and thus is the best plau-
sible way for reducing viscosity of a heavy oil [12]. Argillier et al.
made efforts to investigate contribution of polarity, hydrogenbonding and asphaltene content into reducing oil viscosity using
polar thinners and naphtha. They described heavy oil as a
colloidal solution in which maltene takes role of continuous
phase solvating entangled asphaltene particles. Their observa-
tion supports steric colloid theory of asphaltene conﬁguration in
crude oil [22,23]. In this view, breaking asphaltene entangle-
ments would reduce oil viscosity.
In spite of growing popularity of dilution method, there is a
huge gap in reported data yet; in particular data for effect of
different solvents on viscosity of Iranian heavy oils. In this paper,
several combinations of two Iranian heavy oils with light hy-
drocarbons were prepared and their viscosities were measured
at various temperatures. Evaluation of viscosity reduction of
Iranian heavy oils by dilution method is the main goal of this
study. Additionally, different predictive models have been eval-
uated by comparing their estimation with experimental data.
2. Experiment
2.1. Materials and apparatus
Two heavy oil samples from an Iranian oil reservoirs
were selected to carry out experiment. Table 1 summarizes
their SARA analysis. Methanol, n-heptane and toluene of 99.9%
purity were purchased from Merck GmbH in Germany. Table 2
presents speciﬁcations of the solvents used for diluting heavy
oils. Also, Table 3 represents their ball-and-stick model. A gas
condensate sample of 50 API degree and heavy naphtha were
obtained from a reﬁnery unit located in Iran. Table 4 presents
speciﬁcations of naphtha and gas condensate used in this work.
To measure viscosity, four Canon Fenske Opaque viscometers
model 9721-B71, 9721-B77, 9721-B80 and 9721-B83 were
employed. This device is a modern version of traditional
viscometer invented by Ostwald [24], which enables measuring
viscosity at various temperatures and atmospheric pressure.
Fig. 1 depicts schematic of Ostwald viscometer. For detailed
description of this tool refer to [25].
2.2. Method
Firstly, hydrocarbon samples were prepared by volume frac-
tion. Heavy oil and a solvent of known concentration (4, 8 or
12 vol.%) were mixed in a closed beaker by stirrer device via
magnet rotation. After proper mixing, glass viscometer was
employed to measure viscosity. First, as seen in Fig. 1, the in-
strument was inverted and the tube A was immersed in liquid.
After applying suction and drawing the ﬂuid just to mark B, the
instrument was turned back to its normal position. Immediately,
tool was placed in a thermostatic bath to reach equilibrium
temperature. While holding tool in a ﬁx state, liquid began to
come down to ﬁll bulb C. Then tube A was plugged to prevent
further liquid ﬂow. Next, by removing stopper from tube A, liquid
rised through the capillary from mark D to E and F. By recording
passage time and multiplying by the calibration coefﬁcient (ob-
tained through experiment), it is straightforward to obtain vis-
cosity of sample. It should be emphasized that Fig. 1 is merely a
A.H.S. Dehaghani, M.H. Badizad / Petroleum 2 (2016) 415e424 417schematic for illustration purpose and modern viscometers used
in this work are of different shapes. This procedure was carried
out for all oil and solvent mixtures at temperatures 20 C, 25 C,
30 C and 40 C.3. Results and discussion
Temperature and solvent characteristic are two main inter-
active factors controlling hydrocarbon viscosity. In this respect, a
detailed discussion of each factor has been presented in the
following sections. Also, at the end, a comparison of different
mixing rules for prediction of oil/solvent viscosity has been
carried out.
Error propagation theory was employed to evaluate uncer-
tainty associated with viscosity measurements [26]. Table 5 in-
cludes the measured data together with corresponding
uncertainties. It is noteworthy that data obtained by our devices
is of excellent accuracy.3.1. Inﬂuence of temperature
Fig. 2 shows effect of temperature elevation on viscosity of
different oil/solvent mixtures. One could notice that increasing
temperature markedly reduces viscosity particularly for liquids
with higher viscosities. Generally, it has been well understood
that viscosity reduction by heating is more effective for diluting
high viscous oils than light ones [22,23].
To assess how temperature could impact onmixture viscosity,
degree of viscosity reduction (DVR) is deﬁned conventionally as a
measure of the extend of viscosity reduction by temperature.
That is [27]:
DVR% ¼ hr  hT
hr
*100 (1)
where subscripts r and T refer to reference (herein 20 C) and
given liquid temperature, respectively.
Table 6 Present DVR% of solvent/oil solutions examined in this
work at different temperatures. One could notice appreciable
increase of DVR% versus temperature. This is due to two main
factors. Firstly, liquid viscosity is in general a strong function of
viscosity, as seen in Fig. 2 obeying an exponential trend. Simply
put, one expects a steep viscosity reduction with respect to
temperature, regardless to liquid nature and makeup. Secondly,
thermal agitation induced at higher temperatures tends to
destroy ordered structure among entangled species in bulk oil
phase [27].3.2. Effect of solvent
To assess chemical interactions between solvent and oil
components, it is worth having a quantitative measure of mo-
lecular interactions. To this end, Hildebrand and Scott‘s theory
introduced cohesion energy parameter d, given by [13]:Table 2
Properties of commercial solvents used for diluting heavy oils.
Solvent Chemical formula Molecular weight (g/mole) Density (gr/
Toluene C6H5CH3 92.14 0.870
Methanol CH3OH 32.04 0.792
n-Heptane C7H16 100.21 0.680d ¼

DE
VM
1=2
(2)
where VM and DE denote molar volume and cohesion energy,
respectively.
Later, Hansen suggested an expression accounting for three
kinds of interaction: (1) Dispersion (London) force corresponds
to van der Waals interaction; (2) Polar interaction owing to
charged species and/or polar sites of components; and (3)
Hydrogen bonding [13]. All three factors participate indepen-
dently in cohesion energy parameter, such that [28]:
d2 ¼ d2D þ d2P þ d2H (3)
where superscripts D, P and H represent dispersion force, polar
interaction and hydrogen bonding, respectively. For a mixture
consists of various pure solvents, its Hansen parameter is ob-
tained by [13,23]:
d ¼
X
Vidi (4)
where Vi denotes volume fraction of pure solvent i.
In an exhaustive monograph by Hansen, he reported accurate
values of solubility parameters for numerous pure and mixture
matters [28]. Thanks to his book, Table 7 summarizes Hansen
parameters of solvents considered in present study. In in-
vestigations carried out by Argillier and co-workers, they asser-
ted dispersion forces, due to weak van der Waals forces or
induced dipoleedipole interactions, are of negligible inﬂuence
on asphaltene structure [13]. Hence, dispersion part of Hansen
solubility parameter, i.e., dD provides no useful information about
chemical interaction between solvent molecules and asphaltene
particles.
In what follows, a detailed analysis is presented for particular
effect of each solvent on oil viscosity.3.2.1. n-Heptane
Heavy oil dilution by blending with solvent is attributed to
two main factors categorized as: (1) simple dilution effect; and
(2) solvent/asphaltene interactions [27]. The former denotes
dilution by merely blending a heavy oil with a low viscosity
solvent, irrespective to any especial reorganization of oil com-
ponents. By contrast, latter is due to speciﬁc interactions be-
tween solvent molecules and asphaltene particles in heavy oil.
Referring to Table 3, n-heptane lacks any polar functional
group and cannot interact with polar moieties of asphaltene. In
addition, as reported in Table 7, n-heptane has polar and
hydrogen bonding Hansen parameters of zero, which implies no
polar interaction could occur between asphaltene species and n-
heptane molecules, nor hydrogen bonding is viable. Despite this
fact, n-heptane is a light solvent with lowest intrinsic viscosity, in
comparison to other solvents studied in this work. Consequently,
one expects oil viscosity reduction once blending with n-hep-
tane, which reduces mixture viscosity asymptotically toward
pure n-heptane viscosity.mL) Melting point (C) Boiling point (C) Viscosity (cp) at 25 C
95 111 0.550
97 65 0.545
90 98 0.397
Table 3
Ball-and-stick model of commercial solvents used for dilution [41].
Toluene Methanol n-Heptane
Table 4
Composition of naphtha and gas condensate.
Naphtha Gas condensate
Chemical family vol.% SARA analysis wt. %
n-parafﬁn 12.5 Saturates 93.6
Iso-parafﬁn 29.2 Aromatics 6.3
Cyclic parafﬁn 46.2 Resins 0.1
Aromatic 12.1 Asphaltenes <0.05
Fig. 1. Schematic of Ostwald viscometer used for measuring viscosity of
hydrocarbon.
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poor solvents for asphaltene, but, onset of asphaltene ﬂoccula-
tion depends on oil and solvent composition and it requires a
ﬁnite volume of parafﬁnic solvent to trigger ﬂocculation. As can
be seen in Fig. 3, all curves are smooth without any anomaly,
which implies no asphaltene has been ﬂocculated up to 12 vol.%
of n-heptane. Conventionally, normal alkanes have been sol-
vents of choice for heavy oil dilution. For instance, Nourozieh
et al. studied viscosity of Athabasca bitumen diluted with n-
hexane [17]. Interestingly, as seen in Fig. 3, oil viscosity reduces
exponentially versus solvent (n-heptane) concentration. Note
that all Figs. 2e7 have y-axis in logarithmic scale. This obser-
vation was also made by Mortazavi-Manesh and Shaw, who
investigated Maya crude oil dilution with n-heptane [29].
3.2.2. Toluene
As shown in Fig. 4, toluene effectively reduces oil viscosity in a
similar trend to n-heptane. In spite of being of higher viscosity
than n-heptane, as included in Table 2, toluene enjoys having
aromatic characteristic resulting in more dilution efﬁciency than
n-heptane. Apparently, one could expect lower oil viscosity upon
dilution with n-heptane according to simple dilution effect
mentioned previously. However, toluene could interfere in
asphaltene aggregation process by disturbing asphaltene self-
assemblage. Toluene aromaticity compensates its higher
intrinsic viscosity and as shown in Fig. 2, toluene and n-heptane
are of equal dilution effect, both continually reduce heavy oil
viscosity regardless of their distinct molecular characteristics.
Similar to n-heptane, as seen in Fig. 4, oil viscosity reduces
exponentially versus toluene volume fraction. Likewise,
Mortazavi-Manesh and Shaw pointed out analogous trend [29].
It is well established that asphaltene content plays an impor-
tant role in rheological behavior of heavy oils [27]. As a result,
making any modiﬁcation in structure of asphaltene aggregates
might lead to oil viscosity alteration. As suggested by Argillier
et al. heavy oil could be regarded as a colloidal liquid composed of
asphaltene particles dispersed within maltene [23]. However,
asphaltene particles tend to self-associate making aggregates
which imposes complexity on oil rheology. Unsurprisingly, type
and magnitude of asphalteneeasphaltene interactions governs
the inﬂuence of aggregates on oil viscosity. In this manner, pep
bond overlaps are major interactions between asphalteneparticles. As stated by condensed aromatic cluster model [30],
asphaltene molecules comprised of wide condensed aromatic
ring with several alkyl branches. pep bond overlaps between
aromatic sheets of asphaltene aggregates keep them stable by
preventing dissociation. Molecules of aromatic solvents, herein
toluene, tend to locate between asphaltene sheets and reducing
overlap between large asphaltene macromolecules, which leads
to dissociation of asphaltene aggregates. Therefore, aromaticity is
a beneﬁcial feature of a solvent, leading to viscosity reduction. It
should be emphasized that due to aromatic molecules, toluene is
a common effective solvent for asphaltene compounds, and oil
dilution with toluene is a result of breaking asphaltenes' entan-
glement by aromaticity of toluene molecules.3.2.3. Methanol
Fig. 5 demonstrates failure of methanol in reducing oil vis-
cosity. Solvents such as methanol possess hydroxyl (OH) func-
tional group on their molecules [31], as seen in Table 3, by which
a signiﬁcant interaction takes place with polar parts of asphal-
tenemolecules. Such interaction tends to disentangle asphaltene
aggregates, dissociating them to smaller macromolecules in
maltene. On the other hand, such solvents, mainly alcohols, could
make hydrogen bonds even with their own particles, namely,
self-association. As a result, suchmaterials are of higher viscosity
than light solvents and adding more of them into heavy oil could
increase mixture viscosity [12]. Such behavior can be seen in
Fig. 5.
As summarized in Table 7, methanol has large hydrogen-
bonding Hansen parameter, 22.3, compared to reset of solvents
dealt with in this work. Certainly, hydrogen bonds between hy-
droxyl (OH) groups of methanol with special functionalities of
asphaltene species, strongly inﬂuences on methanol/oil mixture
viscosity. In a similar investigation, Argilier et al. concluded that
solvents with large hydrogen-bonding Hansen parameter does
not contribute as effective as polar solvents into oil viscosity
reduction [32].
Recall that viscosity reduction is attributed to two main fac-
tors: simple dilution effect and disrupting asphaltene's self-
assembly state. As reported in Table 2, methanol is of nearly
equal intrinsic viscosity to toluene. Immediately, one might
conclude strong ability of methanol to diminish oil viscosity just
through simple dilution effect. Nevertheless, methanol is capable
Table 5
Experimental data of oil viscosity diluted with different solvents at various temperatures.
Temperature, C
20 25 30 40
API gravity API gravity API gravity API gravity
Solvent Solvent,
wt.%
20.5 16 20.5 16 20.5 16 20.5 16
Toluene 4 586.95 ± 0.23 1491.86 ± 0.23 403.74 ± 0.06 992.18 ± 0.23 279.91 ± 0.06 718.97 ± 0.23 206.96 ± 0.06 417.00 ± 0.06
8 239.19 ± 0.06 524.85 ± 0.23 178.12 ± 0.06 357.69 ± 0.06 137.41 ± 0.06 258.83 ± 0.06 127.23 ± 0.06 176.15 ± 0.06
12 125.53 ± 0.06 195.92 ± 0.06 79.73 ± 0.06 158.17 ± 0.06 72.95 ± 0.06 118.63 ± 0.06 52.59 ± 0.06 89.87 ± 0.06
n-Heptane 4 675.17 ± 0.23 1843.28 ± 0.78 474.99 ± 0.06 1292.00 ± 0.23 373.21 ± 0.06 916.68 ± 0.23 261.25 ± 0.06 548.21 ± 0.23
8 281.60 ± 0.06 578.77 ± 0.23 212.05 ± 0.06 472.72 ± 0.06 169.64 ± 0.06 473.08 ± 0.06 130.62 ± 0.06 273.00 ± 0.06
12 153.00 ± 0.06 248.04 ± 0.06 48.00 ± 0.06 203.11 ± 0.06 79.73 ± 0.06 203.00 ± 0.06 67.86 ± 0.06 120.43 ± 0.06
Methanol 4 2000.00 ± 0.78 8920.60 ± 1.84 1489.00 ± 0.23 5182.00 ± 0.78 1082.00 ± 0.23 3434.90 ± 0.78 695.52 ± 0.23 1926.03 ± 0.78
8 2393.00 ± 0.78 9941.53 ± 1.84 1940.00 ± 0.78 6726.00 ± 0.78 1290.00 ± 0.23 4001.11 ± 0.78 775.25 ± 0.23 2275.00 ± 0.78
12 3250.00 ± 0.78 12173.00 ± 1.84 2347.00 ± 0.78 8021.00 ± 1.84 1701.00 ± 0.78 4847.00 ± 0.78 1102.00 ± 0.23 2732.00 ± 0.78
Naphtha 4 4984.60 ± 0.78 6207.13 ± 0.78 2953.10 ± 0.78 4144.00 ± 0.78 2089.00 ± 0.78 2581.50 ± 0.78 948.80 ± 0.23 1232.40 ± 0.23
8 2782.00 ± 0.78 3388.70 ± 0.78 1973.80 ± 0.78 2464.90 ± 0.78 1204.60 ± 0.23 1456.70 ± 0.23 667.50 ± 0.23 810.90 ± 0.23
12 1018.30 ± 0.23 1264.70 ± 0.23 994.50 ± 0.23 1230.60 ± 0.23 628.60 ± 0.23 803.73 ± 0.23 357.50 ± 0.06 487.90 ± 0.06
Gas
Condensate
4 2553.30 ± 0.78 3257.80 ± 0.78 1845.10 ± 0.78 2314.20 ± 0.78 1663.80 ± 0.78 1969.70 ± 0.78 896.30 ± 0.23 1035.10 ± 0.23
8 1055.50 ± 0.23 1367.00 ± 0.23 960.70 ± 0.23 1255.80 ± 0.23 737.00 ± 0.23 1010.05 ± 0.23 467.60 ± 0.06 527.40 ± 0.23
12 554.00 ± 0.23 640.40 ± 0.23 455.80 ± 0.06 511.30 ± 0.23 388.00 ± 0.06 444.90 ± 0.06 281.20 ± 0.06 315.70 ± 0.06
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interaction with functional sites of asphaltene particles. In our
case, hydrogen bond interaction promotes nonsolvent charac-
teristic of methanol, causing increase in oil viscosity, as seen in
Fig. 5. In an analogous study, Gateau et al. pointed out higher oil
viscosity upon mixing with hexyl alcohol [13].
3.2.4. Naphtha
As shown in Fig. 6, naphtha behaves similar to n-heptane and
toluene, steadily reduces oil viscosity. It should be emphasized
that naphtha is a petroleum fraction of fairly high API gravity,
which is mainly composed of parafﬁnic components. Naphtha is
classiﬁed as light or heavy according to its aromatic contents.
Conventionally, it is not possible to specify a unique chemical
formula for naphtha. Table 4 includes chemical families
comprising the heavy naphtha used in this work. Intuitively,Fig. 2. Viscosity of diluted heavy oil with different solventnaphtha could be regarded as a de-asphaltened light oil, some-
thing with both properties of normal alkanes and aromatic sol-
vents. As summarized in Table 7, contrary to n-heptane, naphtha
possesses some polarity as indicated by Hansen solubility pa-
rameters. However, naphtha viscosity is 0.97 cp at 25 C,
comparatively larger than those of toluene and n-heptane. As a
result, simple dilution effect with naphtha would not be as
effective as those solvents. Despite this fact, naphtha contains
aromatic components and is able to distrupt pep bond overlaps
between asphaltene sheets. Although gas condensate and
naphtha used in this work are of approximately equal viscosity,
however, as seen in Fig. 2, naphtha is notably of stronger dilution
effect, which could be attributed to its aromaticity.
It should be noted that anomalous trend, as seen in Fig. 6b,
could be attributed to forming liquid aggregates caused by
asphaltene ﬂocculation, which is related to oil speciﬁcation.s of 12 vol.%; (a) oil of 16 API, and (b) oil of 20.5 API.
Table 6
Degree of viscosity reduction percent (DVR%) for oils diluted with different sol-
vents at varying temperatures.
API
20.5 16
Temperature, C
Solvent Solvent vol.% 25 30 40 25 30 40
Toluene 4 31 52 65 33 52 72
8 26 43 47 32 51 66
12 36 42 58 19 39 54
n-Heptane 4 30 45 61 30 50 70
8 25 40 54 18 18 53
12 69 48 56 18 18 51
Methanol 4 26 46 65 42 61 78
8 19 46 68 32 60 77
12 28 48 66 34 60 78
Naphtha 4 41 58 81 33 58 80
8 29 57 76 27 57 76
12 2 38 65 3 36 61
Gas condensate 4 28 35 65 29 40 68
8 9 30 56 8 26 61
12 18 30 49 20 31 51
Table 7
Hansen solubility parameters of solvents used for dilution [28].
Solvent dDðMPa1=2Þ dPðMPa1=2Þ dHðMPa1=2Þ
Toluene 18.0 1.4 2.0
n-Heptane 15.3 0.0 0.0
Methanol 15.1 12.3 22.3
Naphthaa 15.6 0.17 0.24
Gas condensatea 15.4 0.09 0.13
a The Hansen solubility parameters were obtained by Eq. (4).
A.H.S. Dehaghani, M.H. Badizad / Petroleum 2 (2016) 415e424420According to Yen-Mullins model [33], asphaltene deposition is
not an abrupt phenomenon, indeed, it goes through a stepwise
process, ﬁrstly starting with ﬂocculation. Hence, asphaltene ag-
gregation is in principle mostly kinetically controlled, and its
deposition is not viable in limited time of our viscosity mea-
surements. But, the hump seen in Fig. 6b could be regarded as
commence of asphaltene ﬂocculation. It is not a fortuitousFig. 3. Viscosity of diluted heavy oil versus n-heptane coobservation, since one could infer from Table 1 that oil of 20.5
API, despite lower gravity than oil of 16 API, is of higher
asphaltene per resin ratio. Remembering that resins act to sta-
bilize (peptize) asphaltene aggregates, one could deduce anom-
aly shown in Fig. 6b be due to higher asphaltene per resin
fraction of the original oil.
3.2.5. Gas condensate
Gas condensate, as shown in Fig. 7, sufﬁciently reduces oil
viscosity. In fact, gas condensate should be regarded as a mixture
of light parafﬁnic components, chieﬂy pentane, hexane, and
heptane [34]. Therefore, as it lacks polar components, one may
not expect any speciﬁc interaction between gas condensate
components and asphaltene particles in heavy oil. This fact is
also reﬂected by Hansen solubility parameter reported in Table 7.
Thus simple dilution effect is the only mechanism for heavy oil
dilution with gas condensate. However, in this work, gas
condensate is of the highest viscosity, 1.17 cp at 25 C, so that its
dilution capability is lower than n-heptane (with zero polar
Hansen parameter) at all equal volume fractions. As seen in Fig. 2,
heavier oil with gravity of 16 API has undergone signiﬁcant vis-
cosity reduction upon mixing with gas condensate, whereas
lighter oil (20.5 API) demonstrates lower degree of viscosity
reduction. This observation is in line with a rule of thumb
recognized by industrial experts that high viscous oils are sub-
jected to lower viscosity reduction when diluting with a solvent,
herein gas condensate [18].
Similar to naphtha, one could notice an anomalous hump in
Fig. 7b. Analogously, Bassane et al. made similar observation
when diluting a Brazilian oil sample with gas condensate [18].
This erratic behavior could be attributed to different composition
of oils used for dilution. As summarized in Table 1, lighter oil
(20.5 API) has higher asphaltene per resin ratio than heavier one
(16 API). As mentioned earlier, resins act as stabilizing agents,
peptizing asphaltene molecules as a stable colloidal dispersion.
As gas condensate is mainly composed of parafﬁnic components,
it would not be a good solvent for asphaltene and tends to
disrupt colloidal stability of the heavy oil. Of course, observation
made here needs further molecular investigations which is
beyond the scope of this work.ncentration; (a) oil of 16 API, and (b) oil of 20.5 API.
Fig. 4. Viscosity of diluted heavy oil versus toluene concentration; (a) oil of 16 API, and (b) oil of 20.5 API.
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For designing an industrial operation, engineers need robust
models for prediction of system behavior. To do so, models must
be ﬁtted to experimental data. Although experimental approach
is the core of this study, however, applying some models is
rewarding. In this respect, different traditional models have been
applied to evaluate their capabilities in predicting viscosity of
heavy oils diluted with light solvents.
Arrhenius presented cornerstone to estimate viscosity of a
mixture composed of two ﬂuids. Although it was suggested for
mixture of two pure liquid, however it is worth assessing its
ability for prediction of hydrocarbons viscosity. Arrhenius's
model in log-form is given by [35]:
ln mm ¼ xS ln mS þ ð1 xSÞln mO (5)Fig. 5. Viscosity of diluted heavy oil versus methanol conwhere xs denotesmole fraction of solvent. mm, ms and mo represent
viscosity of mixture, solvent and oil respectively. These notations
are also held for following equations.
Kendall-Monroe proposed a power law model, as follows
[36]:
mnm ¼ xSmnS þ ð1 xSÞmnO (6)
where n is an adjustable parameter depending on characteristics
of heavy oil and solvent. Kendall-Monroe took value of 1/3 for n
[36].
Bingham put forward a simpliﬁed version of Kendall's model
based on mechanical behavior of ideal ﬂuids by supposing value
of 1 for exponent n, that is [37]:
m1 ¼ xSm1s þ ð1 xSÞm1O (7)centration; (a) oil of 16 API, and (b) oil of 20.5 API.
Fig. 6. Viscosity of diluted heavy oil versus naphtha concentration; (a) oil of 16 API, and (b) oil of 20.5 API.
Fig. 7. Viscosity of diluted heavy oil versus gas condensate concentration; (a) oil of 16 API, and (b) oil of 20.5 API.
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and suggested a model for cases where viscosity of heavy oil is of
100 folds greater than that of light solvent, presented as [38]:
ln lnðmþ CÞ ¼ VO ln lnðmO þ CÞ þ VS ln lnðms þ CÞ (8)
where C is a constant parameter depends on mixture composi-
tion.
In a similar manner, Cargoe put forward a new model [39]:
1
lnð2000mmÞ
¼ wS
lnð2000mSÞ
þ ð1wsÞ
lnð2000mOÞ
(9)
where ws stands for weight fraction of solvent.Lederer attempted to extend preceding models by incorpo-
rating effect of solvent and oil characteristics on resulting
mixture. He modiﬁed Arrhenius's model and presented a cor-
relation as [40]:
log mm ¼

1 aVO
aVO þ Vs

log mS þ

aVO
aVO þ Vs

log mO (10)
where a is a characteristic parameter between 0 and 1 depends
on viscosity and density of pure solvent. Also Vo and Vs denote
volume fraction of heavy oil and solvent, respectively. Typically,
a equals 0.4 and was selected in this study [12].
Preceding models were used for to predict viscosity of
diluted oil. It was noticed that all models except Lederer's
signiﬁcantly deviate from experimental data and fail to present
Fig. 8. The comparison between the calculated viscosities with Cargoe's model and measured viscosities of oil diluted with different solvents.
Fig. 9. The comparison between the calculated viscosities with Lederer's model and measured viscosities of oil diluted with different solvents.
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and Cargoe's model signiﬁcantly overestimatemixture viscosity,
whereas Bingham's model predicts lower viscosities. It
should be noted that Nourozieh et al. also noticed similar results
[17].
For the sake of brevity, only results belonging to Lederer's
and Cargoe's model have been presented, as seen in Figs. 8
and 9. Lederer's model accurately estimates heavy oil viscosity
diluted with toluene and n-heptane. Nevertheless, it fails to
predict the ascending trend of oil viscosity diluted with meth-
anol, not shown here. One could attribute such failure to
peculiar characteristics of methanol, due to forming hydrogen
bonding.
It should be emphasis that effect of asphaltene and/or wax
precipitation is far from signiﬁcance due to rapid preparation
of mixtures and viscosity measurement procedure. Further-
more, aromatic solvents often tend to stabilize asphaltene
contents of oil. Asphaltene precipitation alters mixture
composition, results in anomaly of viscosity versus solvent
concentration. However, as seen in Figs. 3e7, all curves aresmooth which implies no asphaltene has been separated during
the experiment. This argument was also presented by Bassane
et al. [18].
4. Conclusions
Viscosity of two heavy oils were reduced by diluting with
several commercial solvents, naphtha and gas condensate.
Generally, results sound beneﬁcial aspect of dilution with sol-
vents and petroleum fractions as a practical approach
for enhanced oil recovery and facilitating oil transport through
pipelines. Moreover, this study could be extended in future for
exploring effect of other solvents on heavy oil viscosity, partic-
ularly in harsh reservoirs conditions. i.e., high pressure and high
temperature.
In sum, our investigation led to the following remarks:
(1) Temperature was of signiﬁcant effect and high tempera-
ture always dramatically reduced oil viscosity. However, it
was more signiﬁcant for the oil of higher viscosity.
A.H.S. Dehaghani, M.H. Badizad / Petroleum 2 (2016) 415e424424(2) Dilution with toluene monotonically reduced oil viscosity,
due to both simple dilution effect and its aromaticity. As
toluene is a perfect aromatic solvent, it properly stabilizes
asphaltene and at high concentrations, mixture viscosity
approaches pure toluene viscosity. The effect of n-heptane
was similar to toluene.
(3) Methanolhadaggressive inﬂuenceandblending itwithboth
oils at all temperatures resulted in mixture of higher vis-
cosity. This was attributed to forming hydrogen bond be-
tween methanol molecules and asphaltene functionalities.
(4) Inﬂuence of naphtha and gas condensate was rather
complex depending on type of heavy oil. Generally, both
hydrocarbons reduced oil viscosity. However, at a partic-
ular case, higher asphaltene per resin ratio led to apparent
ﬂocculation. Therefore, oil of 20.5 API showed a maximum
viscosity while diluting with gas condensate and naphtha.
This behavior is related to complex interactions between
oil and light hydrocarbon components and deserves more
studies at future.
(5) Comparing several simple traditional models with vis-
cosity data demonstrated poor performance of such
models, except Lederer's, for prediction of heavy oil vis-
cosity diluted with solvents. Estimation of hydrocarbon
viscosity demands elaborated models able to taking
components interactions into account.
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